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Abstract: Zn—4Ag—Mn alloy was successfully prepared by high-pressure solid solution (HPS) method to achieve high
strength and antibacterial implant materials which can degrade uniformly. Microstructural characterization showed that
HPS treatment on Zn—4Ag—Mn alloy resulted in 57.9% grain refinement, and the average size of the second phases was
reduced to 10.2 pum compared with as-cast (AC) alloy. The compression, Vickers hardness and wear and friction tests
showed particularly high mechanical properties of HPS alloys, including a compressive yield strength of 333.5 MPa and
a Vickers hardness of Hv 89.5. Electrochemical corrosion, and immersion corrosion tests showed that HPS treatment
optimized the corrosion resistance of the alloy with homogenous corrosion. Furthermore. The HPS-treated Zn—4Ag—Mn
alloy exhibited excellent antibacterial properties through antibacterial testing, with an antibacterial rate of 71.6%. These
results suggest that the HPS-treated Zn—4Ag—Mn alloy can be considered as a promising biodegradable implant
material.
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1 Introduction

The recent rapid developments of medical
implant materials have played an important role in
the treatment of diseases, such as fractures and
blood clotting [1]. Traditional permanent implants
(stainless steel, titanium, cobalt-based alloys, etc.)
usually need to be removed after recovering [2].
Biodegradable metallic implants offer significant
advantages in this regard, as they can be removed
without secondary surgery, reducing physical pain
and financial strain for the patients. Therefore,
the biodegradable metals (BMs) are potential
alternatives to permanent implants and are regarded
as the next generation of revolutionary metallic
biomaterials [3,4].

Corrosion rate is the main factor to classify
biodegradable metals. Magnesium (Mg), zinc (Zn)
and iron (Fe) alloys as potential alloys for BMs
have been intensively studied. The rapid corrosion
of magnesium is associated with the accumulation
of corrosion products and the release of large
amounts of hydrogen, which may lead to a sudden
loss of mechanical support, hindering the clinical
application of magnesium-based alloys [5]. In
contrast, Fe-based alloys exhibit relatively slow
degradation rate and excellent mechanical
properties, but superior corrosion resistance [6] may
prevent newly formed tissue from making desired
replacements [7]. In recent years, zinc has become a
competitor to magnesium and iron, with a
degradation rate between the two metals [8].
However, pure Zn is limited in clinical application

Corresponding author: Jian-guo LIN, Tel: +86-15080788918, E-mail: lin_j g@xtu.edu.cn;
Yi-long DAI; Tel: +86-731-58298408; E-mail: daiyilong@xtu.edu.cn

DOI: 10.1016/S1003-6326(24)66537-4

1003-6326/© 2024 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



2232 Kun-ning NIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2231-2244

due to its low strength and local corrosion. Alloying
is a common and effective way to overcome the
limitations of mechanical and corrosion properties
of Zn. In BMs, the biocompatibility of alloying
elements must be carefully considered. Therefore,
silver (Ag) has been suggested as an alloying
element in zinc-based alloys because of its ability to
improve mechanical properties while maintaining
biocompatibility. Ag containing materials are
widely used in dental implants [9]. In addition to
this, many studies have been initiated based on the
antimicrobial properties of Ag, and it has been
demonstrated that Ag ions or Ag nanoparticles can
kill bacteria and prevent them from adhering to the
surface of implants [10]. Previous studies have
confirmed the excellent mechanical properties,
predictable degradation behavior, acceptable bio-
compatibility and effective antibacterial properties
of Zn—4Ag, making it a candidate of biodegradable
materials [11]. On this basis, the addition of a third
component was considered to further optimize
its properties, and it was shown that the addition of
manganese (Mn) to Zn significantly improved its
elongation (>70% elongation) [12] and bio-
compatibility [13].

In recent years, high-pressure technology has
been widely studied and applied as a means of
improving mechanical properties of Mg alloys [14].
The high-pressure process can not only effectively
reduce the grain size of the alloy, but also obtain a
non-equilibrium solidification microstructure that is
difficult to obtain under atmospheric pressure [15].
The present study found that high pressure solution
treatment can improve the solid solubility and
mechanical strength of Li in binary Zn—Li
alloy [16,17], but its effect on ternary Zn alloy is
still unknown. Whether high pressure solution
treatment can improve the solubility of alloying
elements in Zn or only one element is unclear. In
this study, to further optimize the microstructure
and properties of Zn—4Ag—Mn, Zn—4Ag—Mn alloys
were treated by high pressure solid solution
method. The microstructure, mechanical properties,
corrosion, frictional wear and antibacterial
properties of Zn—4Ag—Mn alloys were investigated.

2 Experimental

2.1 Materials preparation
The Zn—4wt.%Ag—1wt.%Mn (denoted as

Zn—4Ag—Mn) was prepared by conventional
casting method using pure Zn (purity of 99.99%),
pure Ag (purity of 99.99%), and Mg—Mn master
alloy. The melting process was carried out in a
furnace under argon atmosphere to obtain as-cast
sample (AC). To homogenize the ingots, they were
annealed at 300 °C for 10 h and then quenched.
Cylindrical samples with a height of 20 mm and a
diameter of 10 mm were cut from the ingot and
ground for high-pressure solid solution (HPS). HPS
treatment was carried out using a high pressure
six-sided top device (CS—1B, Zhengzhou Abrasive
Grinding Institute Co., Ltd., China) to heat the
cylinders to 450 °C for 1h under a pressure of
3 GPa, followed by rapid cooling to room
temperature. The actual chemical compositions
of the metal ingots were determined by X-ray
fluorescence (XRF; S4 Pioneer, Bruker, Germany)
and the results are given in Table 1.

Table 1 Chemical compositions of Zn—4Ag—Mn alloys
(wt.%)

Alloy
AC Zn—4Ag—Mn

HPS-treated
Zn—4Ag—Mn

Ag Mn Zn
4.05+0.06  1.02+0.05  Bal.

4.09£0.15 1.04+0.09  Bal.

2.2 Microstructure characterization

Polarized light microscope and scanning
electron microscopy (SEM, MIRA3, LMH, Oxford,
UK) and energy dispersive spectroscopy (EDS,
X-Max20, Oxford, UK) were used to examine the
microstructure and composition of the samples at
15 kV. All samples were polished before observation
and etched with nitric acid alcohol with a volume
fraction ratio of 0.5:99.5. The phase compositions
of the samples and corrosion products were analyzed
by Cu K, radiation (4=1.5406 nm) and scanned at a
rate of 4 (°)/min in the 26 range of 10°-90° by
X-ray diffraction (XRD, Ultima IV, Tokyo, Japan).

2.3 Mechanical tests

The Vickers hardness test of the specimen was
carried out on ZHVST—30F micro Vickers hardness
tester with the applied load of 2 kg and holding
time of 10 s. The test was performed 5 times, and
the average value was taken as Vickers hardness.
The compressive property of the specimens was
tested by universal testing machine (Instron 3369,
Boston, MA, USA) at a compression rate of
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Il mm/min at room temperature. Three samples
were used for each test and the result was the
average of the three samples.

2.4 Electrochemical tests

The electrochemical corrosion behavior of the
samples was evaluated by using an electrochemical
workstation (Par Stat 2273, Princeton Applied
Research Institute, USA) in Hanks’ solution at
37 °C, including potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS). The
sample with an exposed area of 0.785 ¢cm? was used
as the working electrode, the platinum sheet was
used as the counter electrode, and the saturated
glycerol electrode (SCE) was used as the reference
electrode. The EIS test was preceded by an
open-circuit potential (OCP) test to determine the
stability of the open-circuit voltage. The frequency
of EIS test ranged from 0.01 Hz to 100 kHz with a
disturbance signal amplitude of 10 mV. Potential
dynamic polarization tests were performed with a
scanning rate of 1 mV/s from the cathodic potential
—0.5 V (vs OCP) to the anodic potential + 0.5 V (vs
OCP). Finally, the corrosion rate of the sample was
calculated according to ASTM G102—89 [18]:

R=K-Jeor Wip (1)

where R. is the corrosion rate (mm/a), K is a
constant taken as 3.27x107° mm-g/(pA-cm-a), Jeor
is the corrosion current density (pA/cm?), p is
the density of the metal (g/cm®), and W is the
equivalent mass of Zn (taken as 32.68).

2.5 Immersion tests

The immersion test was performed at 37 °C in
Hanks’ solution for 30 d and three parallel samples
were used for each test. The ratio of immersing
solution volume to surface area was set as
20:1 mL/cm?[19]. In order to analyze the corrosion
products, the samples were taken out to observe the
corrosion morphology after immersion by SEM.
The chemical composition of the corrosion products
was identified by EDS. The functional groups of the
corrosion products were confirmed by Fourier
infrared analysis (FTIR, Nicolet 6700) recorded
from 4000 to 500 cm™'.

2.6 Friction and wear test

The friction and wear behaviors were
investigated using high-speed reciprocating friction
tester (HSR—2M; Zhongke Kaihua Technology

Development Co., Ltd., Lanzhou, China) with a
load of 2 N, a stroke length of 5 mm, a frequency of
1 Hz, and a test time of 15 min. By measuring the
mass of the sample before and after the friction
wear test, the mass loss of the samples was
determined by using an electronic balance.

2.7 Antibacterial effect evaluation

E. coli was extracted using a disposable sterile
inoculation loop and inoculated in 500 mL of
phosphate buffer solution (PBS) buffer cooled to
37°C to prepare a bacterial suspension. The
bacterial suspensions were incubated in a constant
temperature and humidity chamber at 37.5 °C for
24 h. The experimental samples (410 mm % 1 mm)
were autoclaved in an autoclave at 120 °C for
30 min. The experimental samples were placed in
24-well plates. 1 mL of E. coli suspension was
dropped onto the sample surface with a sterile
dropper, and the same suspension was also dropped
into the no-sample control group. After that, the
24-well culture plates were incubated in a constant
temperature incubator for 24 h. After the incubation
was completed, 0.1 mL of bacterial suspension from
each well was dropped onto a different agar plate
and incubated in a constant temperature incubator
for 24 h. After the final incubation, the surface
medium was counted and the antibacterial rate was
calculated according to [20]

NC €
R, =——°x100% 2)
N

a
C

where R, represents the antibacterial rate, N. is the
number of colonies in the control group and N
is the number of colonies in the experimental
medium.

2.8 Statistical methods
All quoted errors and error bars correspond to
sample standard errors.

3 Results and discussion

3.1 Microstructure and mechanical properties
Figure 1 shows the XRD patterns of AC and
HPS alloys. It can be seen that the AC and HPS
samples were mainly composed of Zn matrix,
AgZns phase and MnZn;3 phase, which was
consistent with previous studies [12,21-24]. The
intensity of the diffraction peaks of Zn phase after
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high-pressure solid solution was significantly
enhanced and that of the AgZns; phase was
significantly weakened. The diffraction peak of
MnZn;3; phase became stronger, indicating that
more MnZn;s phase was precipitated after HPS

treatment.
HPS X X L

AC

* 7Zn
* AgZn,
= MnZn,;

(101)

40 41 42 43 44 45
200%)
HPS-treated =
Zn-4Ag-Mn

=] [ T

g
23

AC Zn—4Ag-Mn L

10 20 30 40 50 60 70 80 90
200(°%)

Fig. 1 XRD patterns of as-cast (AC) and high-pressure
solid solution (HPS)-treated Zn—4Ag—Mn alloys

Figure 2 shows the polarized optical micro-
structure images and grain distribution diagram of
AC and HPS-treated samples. The grain histograms
were measured by Nano Measurer, where g
represents the average value, and doo and dbs
represent grain sizes below 90% and below 25%,
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respectively. From Fig. 2, it can be seen that 90% of
the grain size in AC alloy was below 433.40 pm
and 25% of the grain size was below 235.76 um,
while 90% of the grain size of HPS alloy was below
197.55 um and 25% of the grain size was below
80.29 um. The result showed that the average grain
size of HPS alloy was reduced from 336.54 to
141.67 pm after high pressure solid solution, which
reached grain refinement by 57.9%.

Figure 3 shows the SEM images of AC and
HPS-treated samples, the results of EDS analysis of
different regions, and the percentage and size of the
second phase derived from the SEM processed
by Image-Pro-Plus 6.0. From Figs. 3(a, b), white
dendrites were found in AC and HPS-treated
samples, which were confirmed as AgZns; and
MnZn;s phases by the results of EDS and XRD,
while gray region was the Zn matrix phase [25].
The second phases of AC alloy were coarse and
massive, while the size of the second phases in
HPS-treated alloy was significantly reduced with
the distribution of dotted and thin stripes. The
decrease in Ag content and increase in Mn content
at Point 3 compared to Point 2 from EDS analysis
also indicated that more Ag atoms solubilized into
the Zn matrix, and MnZn;; was precipitated from
Zn matrix, which corresponded to the XRD results
in Fig. 1. As shown in Fig. 3(d), the area fraction of

Frequency/%

Cumulative frequency/%

0 200
Grain size/um

400 600 800

80 (d) #,=(141.66809+2.94189) pm
70 [
100

75

50

Frequency/%

25

Cumulative frequency/%

0

0 100
Grain size/um

200 300 400

Fig. 2 OM images (a, b) and grain size distributions (c, d) of alloys: (a, ¢) AC Zn—4Ag—Mn; (b, d) HPS-treated

Zn—4Ag—Mn
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© HPS-treated
Zn-4Ag-Mn

AC Zn-4Ag-Mn

n o 8886 9163
Ag 881 551
n 233 286

n 8591 89.88
Ag 1216  7.71
Ag Mn 194 274

Area fraction of second phase/%

E/keV
Fig. 3 SEM analysis results of AC and HPS-treated Zn—4Ag—Mn alloys: (a, b) SEM images; (c) EDS results;
(d) Histogram of area fraction and average size of second phases

the second phases in AC alloy was 5.5% and the
average size of second phases was 24.2 pm, while
the area fraction of the second phase after
high-pressure solid solution in HPS-treated alloy
was reduced to 1.7% and the average size was
reduced to be 10.2 um. Thus, the high-pressure
solid solution not only solubilized part of Ag atoms
into Zn phase but also refined the size of the second
phases to make them more uniform and diffusive.
LI et al [16] reported that HPS treatment could
greatly promote the capacity of solid solution in
Zn-xLi binary alloys and expand the solid
dissolution zone, which is attributed to the fact
that ultrahigh pressure weakens the binding force
between iso-atoms but enhances that of the
hetero-atoms. According to the experimental results
of this study, the effect of HPS treatment on
the solid solubility of Zn-Li binary alloy and
Zn—-Ag-Mn ternary alloy is different. High pressure
solution treatment did not improve the solid
solubility of both Ag and Mn atoms in Zn matrix,
but only improved the solid solubility of Ag atoms

Il Area fraction 428
[ Average size ]

26
4124
422
120
118
116
114
112
110

Average size of second phase/um

AC Zn—4Ag-Mn HPS-treated Zn—4Ag—Mn
Sample

in Zn.

It is reported that efficiency of forming Zn—-X
intermetallic compounds is defined with a
decreasing rank as follows: Mn>Li> Ag> Cu>
Mg [26]; therefore, Mn and Zn are more likely to
form Zn—X intermetallic compounds. In addition,
the content of Ag is 4 times than that of Mn, and
the maximum solid solubility of Ag atoms in Zn
(5 at.% at 431 °C) is greater than that of Mn atoms
(0.6 at.% at 417.25 °C) at atmospheric pressure.
Therefore, after high pressure solid solution, more
Ag atoms are dissolved into the interstitial space of
Zn phase in comparison. Due to the limited space in
the Zn lattice, a small amount of Mn atoms in the
original solid solution in the Zn phase would
precipitate to form MnZn;; phases.

The specific mechanisms are summarized as:

(1) Firstly, AgZns is a coarse phase in AC alloy
while MnZn;s is a fine phase in HPS-treated alloy.
After high pressure solid solution, part of AgZn;z
phases dissolved into the Zn matrix, while fine and
diffused MnZn;3 precipitated.
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(2) The formula for crystal growth is [27]
D AG
U=—/|1l-exp| — 3
XP| %7 3)

a

where U is the crystal growth rate, a is the atomic
spacing, D is the diffusion coefficient, fis a factor
related to the interfacial condition, indicating the
proportion of positions at the interface suitable for
growth in the whole interface, and AG is the free
energy difference between the liquid and solid
phases. The increasing pressure leads to the
reduction of atomic spacing and the dominant
role of atomic diffusion, so the growth of grain
is inhibited. The pressure inhibits the growth of
grains, so the grain size of Zn—4Ag—Mn is reduced
at high pressure, causing the materials to be
uniform and diffusive.

(3) During the process of HPS, the
recrystallization of Zn alloys occurs and the grains
re-nucleate. In crystallography, the nucleation rate
of a material can be expressed as [28]:

AAS ]

I=I, exp| ————°m
’ ( Re? (1-7)°

E,+1/3PV,
cXp _—RT

j=10 exp(=G) 4)

where o and A are constants, ASw(=AHw/Tm), AHm
is the latent heat of melting, 7 is the relative
subcooling, Eo; is the activation energy of
crystallization at atmospheric pressure, P is the
pressure, Vo is the atomic volume, and G is the
nucleation activation energy. Obviously, the smaller
the G, the larger the nucleation rate. The partial
derivative of P gives

oG 2.1 dT,
—),; =AG(5-2)——2 4
o) ( T)Tm dp
1 dAS, 1
AG AG +—V, (5)
AS dP 3

m

Compared with the first two terms, the last
term has a smaller quantity and can be neglected;
therefore, the above equation is determined by
the first two terms. With increasing the pressure
from high-pressure solid solution, the nucleation
rate increases rapidly and the number of grains
increases.

Figure 4 shows the mechanical properties of
the AC and HPS-treated alloys including the

compressive yield strength (CYS) and Vickers
hardness. From the engineering stress—strain curves
in Fig. 4(a), it can be seen that the compressive
yield strength of the HPS-treated alloy was
significantly higher than that of AC alloy. The CYS
of HPS-treated alloy increased from 218.7 to
333.5 MPa with an increase of 52.5%, while the
Vickers hardness of HPS-treated alloy increased
from Hv 72.5 to Hv 89.5. Therefore, the mechanical
properties of Zn—4Ag—Mn alloy were significantly
improved after high-pressure solid solution.

430 (a) HPS-treated
400 + Zn-4Ag-Mn

350
300
AC

250 Zn-4Ag-Mn
200
150 |
100 |

50

Stress/MPa

2 3 4 5 6 7 8 9 10
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0"

350 L) 41100

300 FEECYS
[ Vickers hardness

80

250 -

200 | 60

CYS/MPa

150 - 40
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Vickers hardness (Hv)
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50F

AC Zn-4Ag-Mn HPS-treated Zn—4Ag—18[n
Sample

of AC and HPS-

treated alloys: (a) Engineering stress—strain curve;

(b) Compressive yield strength (CYS) and Vickers

hardness histogram

Fig. 4 Mechanical properties

Based on the aforementioned characterization,
the improvement in yield strength (oys) of HPS-
treated Zn—4Ag—Mn samples can be principally
attributed to grain boundary strengthening (ogs),
solid solution strengthening (oss) and precipitation
hardening (op):

(1) Grain refinement

The combination of high pressure and water
cooling leads to lattice distortion and a large
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number of dislocations inside the grain, which
reduces the nucleation activation energy and
increases the nucleation rate, resulting in grain
refinement. According to the Hall-Patch law, a fine
grain can enhance the mechanical properties of
alloys:

oee=0otKd ' (6)

where oy and K are constants related to be material.
As the grain size (d) of HPS-treated alloy was
reduced from 336.54 um (AC alloy) to 141.67 um,
high-pressure solid solution acts as a fine grain
reinforcement.

(2) Solid solution strengthening

Effect of solid solution strengthening on the
strength increment can be expressed by Fleischer
equation:

os=0t+ ZeG ([0 +ln)**C"" (7

where ( is the yield strength of a pure metal, Zr is a
constant, f is between 1/20 and 1/16, C is the
alloying content (at.%), G’ is the shear modulus of
the metal, and & and 7 are the degree of the atomic
size mismatch and the modulus mismatch between
the solute atom and solvent atoms, respectively.
After HPS treatment, more Ag atoms are dissolved
into the lattice of Zn, which plays the role of solid
solution strengthening. Although the precipitation
of Mn can definitely weaken the solid solution
strengthening effect, the amount of Ag atoms in
solution is much larger than that of Mn atoms of
precipitation, and the total solid solution
strengthening effect is increased.

(3) Precipitation hardening

The HPS treatment increases the solid
solubility of Ag in Zn, and more Ag atoms are
dissolved into the interstitial space of the Zn phase.
Due to the limited space in the Zn lattice, a small
amount of Mn atoms in the original solid solution
precipitate to form fine MnZn,3 phases. In addition,
after HPS treatment, the second phase in the AC
alloy is broken and its size is reduced. The
fine precipitates can inhibit the movement of
dislocations, and the dislocations bypass or shear
through the second phases to improve the strength
of the material [29]. According to the Orowan
formula, the shear stress (op) is proportional
inversely to the spacing of second phases (4s):

ov=G'b/)s (8)

where b is the magnitude of Burger’s vector. As the

HPS-treated alloy possesses finer precipitates,

stronger precipitation hardening effect is achieved.

3.2 Corrosion corrosion
mechanism

3.2.1 Electrochemical corrosion

Figure 5 shows the electrochemical corrosion
properties of AC and HPS-treated alloys. From
Fig. 5(a), AC and HPS-treated alloys exhibited a
similar electrochemical corrosion process. An
obvious passivation zone was found on anodic
polarization curve, and electrochemical parameters
of corrosion potential, corrosion current density,
and corrosion rate were derived by fitting the Tafel
curve in Table 2. The corrosion rate derived from
the polarization curve to be 0.18 and 0.15 mm/a
for AC and HPS-treated alloys, respectively. The
HPS-treated sample showed a lower corrosion
current density and corrosion rate with a positive
corrosion potential than that of AC sample,
indicating that HPS-treated alloy exhibited better
corrosion resistance than AC alloy. According to
Table 2, the corrosion rate of AC and HPS-treated
Zn—4Ag—Mn alloy was higher than that of pure Zn.
It is reported that the alloying of Ag elements could
increase the corrosion rate of the alloy [30].

As shown in Fig. 5(b), impedance Nyquist
diagram of both AC and HPS-treated alloys
exhibited a capacitive arc, indicating that the same
equivalent circuit was fitted. The equivalent circuit
is composed of the resistance (R) and constant
phase element (CPE). The solution resistance is
denoted as Rs. The resistance and capacitance of
the corrosion products on the specimen surface
are denoted as Ry and CPE:. In the low-frequency
region, capacitive arc radius of HPS-treated alloy
was significantly larger than that of AC alloy, which
indicated that the charge was more difficult to
transfer, and the greater the polarization resistance,
the stronger the corrosion resistance in HPS-treated
alloy. The pseudo-induction arc appeared in the
low-frequency region, indicating that the corrosion
products on the surface of AC sample in the later
corrosion were easy to consume or fall off. From
Fig. 5(c), the impedance mode value and phase
angle of HPS-treated alloy were higher than those
of AC alloy, which further confirmed more dense
corrosion products formed on the surface of
HPS-treated alloy than on AC alloy.

performance and
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Fig. 5 Electrochemical corrosion properties: (a) Polarization curves; (b) Nyquist plots and equivalent circuit; (c) Bode

plots; (d) Corrosion rates

Table 2 Electrochemical parameters and corrosion rates for Zn—4Ag—Mn alloys from polarization curves

Sample @con(vs SCE)/V Jeor/(LA-cm ?) Rc/(mm-a™') Source
AC Zn—4Ag—Mn —1.14+0.03 6.06+0.35 0.18+0.02 This study
HPS-treated Zn—4Ag—Mn —1.05+0.02 4.84+0.30 0.1540.01 This study
Pure Zn -1.06 7.76 0.12 Ref. [24]

3.2.2 Immersion corrosion

The surface morphologies of AC and HPS-
treated alloys immersed in Hanks’ solution for
1 and 30d were characterized (Fig. 6), and the

corrosion products were analyzed by EDS (Table 3).

After soaking for 1 d, a small amount of corrosion
products were observed on the surface of the
samples, and the volume fraction of corrosion
products accumulated on the surface of AC samples
was larger than that of HPS-treated samples.
Moreover, the black corrosion products of
HPS-treated samples accumulated in the position
and the distribution of the second phases indicated

that the corrosion started from the second phases.
Therefore, the difference in the volume fraction of
corrosion products on the surface of the two
samples may be caused by the difference in the size
and volume of the second phases.

After soaking for 30 d, the corrosion products
on the surface of AC and HPS-treated samples were
obviously stacked. The stacking of corrosion
products on the surface of AC samples was uneven,
while the stacking of corrosion products on the
surface of HPS-treated samples was uniform. The
difference in the morphology of the two corrosion
products is mainly due to the potential difference
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Table 3 Chemical composition of corrosion products immersed in Hanks’ solution for AC and HPS-treated

Zn—4Ag—Mn alloys

Chemical composition/at.%

Alloy
Zn C O Na P Ca Ag Mn
AC Zn—4Ag—Mn 16.41 14.72 50.16 7.49 5.28 2.39 0.01 0.05
HPS-treated Zn—4Ag—Mn 19.99 15.12 50.20 10.32 2.05 0.64 0.02 0.03

between the Zn phase and the second phases, which
leads to the corrosion of the micro-electric couple.
The corrosion efficiency of the micro-electric
couple represents the speed of the corrosion
rate [31]. The volume fraction of the second phase

in AC sample is large, and the distribution is uneven.

Thus, the corrosion efficiency of the micro-electric
couple is high, resulting in the formation of the
local pitting corrosion. As the volume fraction of
the second phases of HPS-treated samples is small
and dispersed, the corrosion efficiency of its
microcouples is low, resulting in slower and more
homogenous corrosion.

The chemical composition of the corrosion
products obtained from EDS analysis of the
corresponding points in Fig. 6 is given in Table 3.
In addition to Zn, Ag and Mn, the corrosion
products of AC and HPS-treated alloys also
contained C, O, Na, P and Ca. Na may be derived
from Hanks’ solution, where Zn alloys usually
produce degradation products of calcium phosphate

and calcium carbonate [31]. The high content
of O indicates that the composition of corrosion
products may be mainly oxides and insoluble
hydroxides [32,33], which should be the results
of the ionic reaction of Zn?" with several acid
radicals such as CI", HCO;3, and HPO; in Hanks’
solution [34].

The XRD patterns and FTIR spectra of the
corrosion products after 30 d of immersion are
shown in Fig. 7. The XRD patterns (Fig. 7(a)) show
that the corrosion products of AC and HPS-treated
were mainly ZnO, Zn(OH), and Zns(OH)s(CO3),.
The FTIR spectra of AC and HPS-treated alloys
(Fig. 7(b)) show that a broad absorption at 2800—
3323 cm™! was attributed to the hydroxyl of O—H
stretching vibrations [35]. The absorption peaks
around 1500, 1387-1580 cm™' for AC and HPS-
treated alloys belonged to the antisymmetric CO;
(v3) band, indicating the formation of carbonates
in the samples [32]. The peaks observed in the
wave number range of 830—890 cm ! belonged to the
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Fig. 7 Analysis results of corrosion products of AC and

HPS- treated alloys after 30 d of immersion in Hanks’

solution: (a) XRD patterns; (b) FTIR spectra

CO; (v2) band [36]. The combined EDS, FTIR and
XRD results of the corrosion products were
confirmed as ZnO, Zn(OH), and Zns(OH)s(CO3)a.

Both electrochemical and immersion tests
confirm that the corrosion resistance of HPS-treated
alloy is better than that of AC counterpart. A large
number of coarse second phases in the AC sample
act as anode, and Zn matrix acts as the cathode.
Thus, the formation of microcells accelerates the
corrosion rate, while the second phases in HPS-
treated alloys were broken and partly solid-
solutionized into Zn matrix, with the fine uniform
precipitation of MnZn,3 phases. Therefore, the areas
of the anode in HPS alloy are reduced, decreasing
the microcell effects and corrosion rate [15].

3.3 Friction and wear properties

As a bone implant, Zn alloy is rubbed with the
bone in the process of service, so the friction and
worn performance of the alloys are paid attention.

Figure 8 shows the friction coefficient curve,
friction coefficient and wear mass loss histogram
of AC and HPS-treated alloys. AC and HPS-treated
alloys showed similar frictional wear process, and
the friction coefficient tended to be stable after
300 s of friction. The friction coefficient of HPS-
treated alloy was lower than that of AC alloy, which
indicated that HPS-treated alloy was more wear-
resistant. Moreover, the wear loss of HPS-treated
alloy was lower than that of AC alloy, which further
confirmed the higher wear resistance of HPS-
treated alloy. The friction wear performance is
mainly affected by the microstructure and hardness.
On the one hand, Vickers hardness of AC alloy was
Hv 72.5, and that of HPS-treated alloy was Hv 89.5.
On the other hand, the coarse second phases in AC
sample possessed a decoupling effect on the Zn
matrix phase, resulting in a lower wear resistance.
In contrast, HPS-treated alloys had fine second
phases dispersed in soft Zn matrix, thus minimizing
the concentration of stress around the second phase
particles and slowing down the Zn matrix unraveling.
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Fig. 8 Friction and wear performance of AC and HPS-
treated alloys: (a) Friction coefficient curve; (b) Friction
coefficient and wear loss histogram
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When a compressive load was applied during the
friction wear test, uniformly distributed fine second
phase particles protruded from the Zn matrix and
played a strong role in load-bearing, reducing
the wear of the Zn matrix and thus effectively
improving the wear resistance of the HPS-treated
alloy. Previous studies [15,37] confirmed that the
fine distribution of hard particles in the matrix
improve the wear resistance of the material,
which results in HPS-treated alloy being more
wear-resistant and having a more stable friction
coefficient curve.

Figure 9 shows the SEM morphology and EDS
result after the frictional wear testing in Hanks’
solution. The deeper abrasion marks were found on
the surface of AC sample than those on HPS-treated
sample, which was related to the hardness and
microstructure of the two materials. HPS sample
showed high hardness and uniform microstructure,
resulting in shallow and uniform wear marks. In the
high magnification view of the morphology of AC

Fig. 9 SEM morphology and EDS result of samples after

wear in Hanks’ solution: (a) AC Zn—4Ag—Mn; (b) HPS-
treated Zn—4Ag—Mn

sample, coarse grains act as a decomposition in the
matrix resulting in poor wear resistance and higher
wear loss in AC sample than in HPS-treated sample.
The component of worn particles on the surface
was determined by EDS, which consisted of a large
amount of Zn and O elements, and it can be inferred
that the wear debris was mainly ZnO [38].

3.4 Antibacterial properties

The bacterial growth and antibacterial rate of
Zn, AC Zn—4Ag—Mn and HPS-treated Zn—4Ag—
Mn alloy are shown in Fig. 10. In can be seen that,
Zn, AC Zn—4Ag—Mn and HPS-treated Zn—-4Ag—
Mn exhibited antibacterial ability, indicating
both Zn and Ag ions possess certain antibacterial
properties as reported [39]. However, the
antimicrobial rate of 72.2% and 71.6% for AC
Zn—4Ag-Mn and HPS-treated Zn—4Ag—Mn,
respectively, was higher than that of pure Zn (61.1%),

Antibacterial rate/%
o
S

40 -
20
0 . a : .
Control Pure AC HPS-treated
Zn  Zn—4Ag-Mn Zn-4Ag-Mn
Sample

Fig. 10 Digital photographs of bacterial growth (a—d)
and antibacterial rate (e) of E. coli on counting plates:
(a) Control; (b) Pure Zn; (c) AC Zn—4Ag—Mn; (d) HPS-
treated Zn—4Ag—Mn
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which illustrated that both the addition of Ag and
the higher degradation rate of Zn—Ag—Mn alloy
result in stronger antibacterial rate. It is reported
that Ag ions released from Ag-containing materials
can strongly damage the cell membranes of
bacteria, thereby inhibiting the reproduction of
bacteria [40—42]. What is more, Ag ions can
strongly attract the hydrophobic groups of enzyme
proteins in bacteria, causing the enzymes to enter an
inactive state, which leads to bacterial death [43].
As HPS-treated Zn—4Ag—Mn alloy releases fewer
ions than AC Zn—4Ag-Mn due to different
corrosion resistances, HPS-treated alloy shows
lower antibacterial rate than AC alloy.

4 Conclusions

(1) Both AC and HPS-treated alloys contained
Zn, AgZn; and MnZn;3 phases. In HPS-treated alloy,
AgZn; phases were dissolved, but fine MnZn;
phases precipitated uniformly. The average sizes of
grain and second phases were reduced to 141.67
and 10.2 um after HPS treatment.

(2) High-pressure solid solution significantly
improved the mechanical properties of Zn—4Ag—
Mn alloy. The compressive yield strength and
Vickers hardness of HPS alloy increased to
333.5 MPa and Hv 89.5.

(3) The high-pressure solid solution treatment
improved the corrosion resistance of Zn—4Ag—Mn
alloy, resulting in homogenous corrosion. The
corrosion potential (pcorr), corrosion current density
(Jeorr) and corrosion rate of HPS-treated alloy were
(—1.05+0.02) V, (4.84+0.30) pA/cm? and (0.15+
0.01) mm/a, respectively.

(4) The high-pressure solid solution treatment
improved the wear resistance of Zn—4Ag—Mn alloy.
The friction coefficients of HPS-treated and AC
alloys were 0.2 and 0.35, and the wear loss were
0.2 and 0.31 mg, respectively.

(5) Zn—4Ag—Mn alloy exhibited a higher
antibacterial rate than pure Zn. The antibacterial
rates of pure Zn and HPS-treated Zn—4Ag—Mn
were 61.1% and 71.6%, respectively.
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